The hydrogen thermal desorption of a martensitic steel has been simulated assuming lattice hydrogen diffusion under a local equilibrium with reversibly trapped hydrogen as the rate-determining process. The calculated desorption curves reproduced the observed shift of the peak temperature associated with the specimen thickness and the heating rate. The calculation method involves a combination of a defect density and a hydrogen/defect binding energy as parameters. The dependence of the peak temperature on the defect density and the binding energy has been quantitatively shown. Assignment of the lattice defect relevant to the desorption curves is discussed. A calculation that took into account the increase in the defect density yielded results consistent with the observed change in the desorption curves associated with plastic strain.
Introduction
Various models have been proposed [1] [2] [3] [4] for the mechanism of hydrogen-related failure. The operating mechanism may differ by materials, environmental conditions and testing methods, but most theories presume the function of hydrogen in solution. However, most hydrogen in steel is in trapped states at various lattice defects, since Sievert's law predicts a very small solid solubility of hydrogen under natural or mild experimental environments. 5) At room temperature under one atmospheric pressure of hydrogen gas, the solid solubility is as small as 2ϫ10
Ϫ8
, much less than the usually observed hydrogen content on the order of 10
Ϫ5
. Then, a crucial issue in hydrogen-related failure is the state of hydrogen or trapping defect that concerns the failure.
One difficulty in elucidating the mechanism of hydrogenrelated failure originates in the detection of hydrogen. The very low detection sensitivity, high mobility and low concentration of hydrogen pose limitations for appropriate tools. Recently, however, substantial progress has been made in the visualization of hydrogen trapping sites [6] [7] [8] [9] and in the analysis of trapped states by means of thermal desorption analysis (TDA) of hydrogen. [10] [11] [12] While visualization techniques give direct information about the local distribution of hydrogen, TDA is useful for a quantitative examination of the trapped state as well as the hydrogen content.
The desorption-rate curve, which mostly appears with a peak around 100°C upon heating, gives information about the density and hydrogen-binding energy of defects. There are two types of rate-determining process for a TDA peak. One is the thermal detrapping of hydrogen from strongly trapped defects, 10, 11) and the other is the diffusion of solute hydrogen interacting with weakly trapped hydrogen. 12) For the desorption from "strong, irreversible traps," two competing processes upon heating, i.e., an increasing thermal detrapping rate and an associated decrease in the hydrogen occupation in traps, give rise to a desorption-rate peak. The peak temperature T c is given as, 10) ...................... (1) where E a is the activation energy of detrapping, f is the linear heating rate, A is a constant and R is the gas constant. When multiple types of traps are present, the release of hydrogen from each trap will appear with corresponding peaks.
On the other hand, when trapping is "reversible to solid solution", i.e., for weak traps, a peak appears as the result of the competition between the decrease in the total hydrogen content in the specimen and the increase in the diffusion rate of hydrogen upon heating.
12) The effective hydrogen diffusion constant, D, under an assumption of a local equilibrium between trapped and lattice hydrogen, was given by Oriani 13) as
where D L is the diffusion constant in a pure matrix and E b and K X are the hydrogen-binding energy and the density of the trap, respectively. The peak temperature shifts to a higher temperature with a higher E b and K X . In Eq. (2), a small occupancy, less than unity, of the trapping sites and a single kind of trap were also assumed, while various kinds of defects are actually present in steels.
The method of analysis to be applied then differs depending on the situation. In Eq. (1), the trap density is not included and T c is independent of the specimen geometry. Actually, however, an increase in T c with increasing plastic strain 14) and a decrease in T c with a reduced specimen size 15) have been observed. With respect to the issue of the hydrogen states that are involved in failure, strong traps created by heavy cold drawing of an eutectoid steel were shown to be rather immune to delayed fracture susceptibility. 16) Recapturing of the detrapped hydrogen during diffusion must also be considered. This suggests that an analysis of the TDA curve with respect to weakly trapped hydrogen is requisite for understanding the function of hydrogen in failure. The validity of the analysis must be examined from the dependence of the TDA curve profile on experimental conditions, but no systematic studies have been conducted so far. The analysis is expected to elucidate the nature of the defects involved in the failure, besides the hydrogen content.
In the present study, TDA curves of a martensitic steel under various experimental conditions have been simulated based on the assumption of reversibly trapped hydrogen, and compared with experimentally observed curves. Martensite, practically important as high strength steels, is also a structure that contains various kinds of defects. Though complicated, it is an appropriate material to examine the general validity of the analysis for actual cases.
Experimental and Analytical Procedures
Plate specimens, 2 mm in thickness and 10 mm in width, of a steel with the chemical composition shown in Table 1 were heat-treated to a tensile strength of 1 250 MPa by oil quenching following austenitizing at 1 000°C for 20 min and then tempering at 400°C for 1 h. Hydrogen charging was conducted by cathodic electrolysis after polishing the surface with #320 SiC grit paper and cleaning it with acetone. Electrolysis was done with a 3% NaClϩ3g/l NH 4 SCN aqueous solution at a current density of 0.5 mA/cm 2 . The TDA of hydrogen was conducted in 5-min intervals using a gas chromatograph calibrated with a standard mixture of hydrogen and argon gas. A linear heating rate of 100°C/h was applied to a specimen placed in a quartz tube in a furnace.
The time for the start of TDA after hydrogen charging was finished was set at 15 min so as to keep constant the pre-TDA loss of hydrogen.
The hydrogen distribution in the specimens was calculated using the diffusion equation, (4) was used for the hydrogen diffusion constant D in Eq. (2). The boundary and initial conditions were chosen as
The solution of Eq. (3) (6) with which gives the hydrogen distribution in a specimen along the thickness of L. The difference between the initial and residual hydrogen distributions is the desorbed hydrogen, and the thermal desorption-rate was calculated by differentiating with respect to time the total desorbed hydrogen. Under a linear heating rate, the time was linearly converted to temperature, thus yielding a TDA curve. For the fitting of the calculated curve to an experimental one, the E b values listed in Table 2 5) were used together with 44 kJ/mol 18) assigned to vacancies in iron. The estimated numbers of trap sites are 4ϫ10 17 /cm 3 for a dislocation density of 1ϫ10 10 / cm 2 when each atomic plane is occupied by one hydrogen atom, 19 ) and 3.5ϫ10 19 interface sites/cm 3 for pearlitic cementite in 0.1 mass% C steel. 13) Since the number of lattice points in bcc iron is 2.6ϫ10 23 /cm 3 when octahedral interstitial sites are assumed for hydrogen occupancy, the expected magnitude of K X is 1.5ϫ10 Ϫ6 and 1.3ϫ10
Ϫ4
, respectively. The vacancy density can be as much as 10
Ϫ5 when plastic deformation is applied, 20, 21) but the maximum value would be limited to the order of 10 Ϫ4 when crystalline lattice stability remains. Table 1 . Chemical composition of the steel used in the present study (in mass %). 
Simulation Results and Comparison with Experimental Data

Effect of Initial Hydrogen Distribution
The hydrogen distribution in specimens is not uniform during hydrogen charging before saturation. The observed increase in hydrogen content with longer charging time is shown in Fig. 1 for a current density of 0.5 mA/cm 2 . The calculated hydrogen distributions assuming 44 kJ/mol for E b and 1.8ϫ10
Ϫ6 for K X in Eq. (2) are shown in Fig. 2 . Hydrogen content saturation due to charging for 8 h is consistent with the experimental data, supporting the validity of the present calculation method. The calculated and observed TDA curves for different charging times are compared in Fig. 3 for which the same values of E b and K X as in Fig. 2 were used. For the calculation, the total hydrogen content was adjusted to the experimentally observed level. It is to be noticed that the peak temperature, T c , was almost immune to the hydrogen-charging time, i.e., the initial hydrogen distribution. However, the shift of T c to higher temperatures has been occasionally observed 23) associated with the charging time. In such cases, it is thought that some changes occur in the trapped states during charging, e.g., clustering of vacancies.
23)
Effect of Specimen Thickness
Dependence of T c on the specimen thickness has often been experienced.
15) The calculated TDA curves for different specimen thicknesses are shown in Fig. 4 using the same parameters as in Figs. 2 and 3 . The initial condition for the calculation corresponded to keeping the specimen at 20°C for 15 min after the completion of hydrogen charging. The shift of T c to higher temperatures with increasing thickness was coincident with the experimental observations, implying that hydrogen diffusion is the rate-determining process that determines T c .
Effect of Heating Rate
The shift of T c to higher temperatures is also associated with an increasing heating rate. A comparison of the observed and calculated TDA curves at different heating rates is shown in Fig. 5 , for which 17 kJ/mol for E b and 8.5ϫ 10 Ϫ2 for K X were used in the calculation in order to obtain a good fit. The combination of E b and K X is not uniquely determined for a TDA curve with a definite T c , e.g., 54°C, at the heating rate of 100°C/h in the present case. However, 8.5ϫ10
Ϫ2 for K X is unrealistically large. Generally, combinations of a larger E b and a smaller K X for a given T c produced a smaller increase in T c for an increasing heating rate. For example, by increasing the heating rate to 250°C/h, the calculated T c values were 66.7°C or 64.5°C, respectively, for the combinations of 44 kJ/mol and 3.0ϫ 10 Ϫ6 or 58.6 kJ/mol and 1.3ϫ10 Ϫ8 for E b and K X , while the observed T c was as high as 79°C. The way of choosing a combination will be discussed in a later section, but care should be exercised in assigning the values of parameters for an observed TDA curve.
Effect of E b and K X on T c
The effect of E b and K X in a wide range on T c is shown in Fig. 6 . An increase in both E b and K X shifted T c to higher temperatures, but the effect was more sensitive to a change of E b compared with that of K X . For example, an increase in T c of 20°C resulted from an increase in E b by 5 kJ/mol or in K X by more than one order of magnitude. Besides T c , the fit of a calculated curve is to be judged from the curve profile. The effects of E b and K X on the TDA curve profile were separately examined. As shown in Figs. 7 and 8, increases in both E b and K X , which shifted T c to higher temperatures, resulted in a broadening of the peak width. Figure 9 compares the TDA curves at a given T c with different combinations of E b and K X . A combination of a larger E b and a smaller K X yielded a narrower peak width.
Effect of Plastic Strain
An increase in hydrogen absorption capacity due to plastic straining has been observed in ferritic 14) and martensitic 24) steels. The TDA curves of hydrogen introduced in the present steel given different amounts of tensile strain are shown in Fig. 10 . The increase in the hydrogen content and the shift of T c associated with the increased amount of strain were reproduced. Curves calculated with two E b values combined with varied K X are shown in Fig. 11 . An E b value of 20 kJ/mol gave a good fit to the observed curve with respect to the peak width, but the associated K X values were again unrealistically large. 
Discussion
Simulated TDA curves, assuming as the rate-determining process the diffusion of lattice hydrogen under a local equilibrium with reversible traps, successfully reproduced the observed dependence of the curve profile on the specimen thickness and the heating rate. Since the simulation employs E b and K X as parameters, we can estimate the trapped state of hydrogen desorbed during TDA and infer the origin of the difference between the curve profiles associated with materials and experimental conditions. However, some limitations are to be noted. One is the use of the hydrogen diffusion constant given by Eq. (2) in which E b and K X are not separately determined. Another limitation due to Eq. (2) is the assumption of a single type of trap while various kinds of traps are actually present in specimens. The peak temperature T c is a measure of the fit, as is the peak profile. As shown in Fig. 9 , the peak width for a given T c differs for different combinations of E b and K X . The best fit to an observed curve can be obtained by a proper combination, but we must be careful about the selected values because the values are not always reasonable from a physical standpoint.
Several reasons can be considered for this improperness. The first one is that the observed thermal desorption includes hydrogen from irreversible traps when thermal detrapping can take place. Oriani noticed the validity limit of his equation 13) for the hydrogen diffusion constant when the trapped hydrogen population does not follow the change in the lattice hydrogen concentration. In martensitic steels, some hydrogen is trapped at some intrinsic defects that act as irreversible traps of hydrogen. Desorption from strong traps may take place at high temperatures with the thermal detrapping as the rate-determining process. A measure for strongly trapped hydrogen is the amount of residual hydrogen, i.e., "non-diffusive" hydrogen, which remains in a specimen after being left for a substantial period of time at room temperature. The thermal desorption of the non-diffusive hydrogen may constitute the tail of a TDA curve on the high temperature side of a desorption peak, thus causing a broadening of the peak width. The second possible reason is annihilation or alteration due to the recovery of some defects during heating. A partial annihilation of defects on heating is expected to reduce K X and increase effective E b . However, since the opposite changes of K X and E b shift T c conversely, the resultant change of a TDA curve is not uniquely predictable. An improved calculation procedure taking into account a successive change in the diffusion constant may quantitatively give a TDA curve under such a situation. The third reason is the assumption of a single type of trap in Eq. (2) . An assumption in Eq. (2) is the diffusion of lattice hydrogen atoms interacting with reversible traps. When multiple types of traps are present on the diffusion path, the total time required for hydrogen atom transportation is the sum of their resident time in each trap, thus giving an effective diffusion constant. In other words, the presence of multiple types of defects may be represented in terms of the "effective" K X and E b values with a single peak desorption curve, rather than the superposition of multiple peaks that correspond to each type of trap. A problem in this case is how to find the average. The estimation of the detrapping rates from defects with different binding energies with hydrogen may improve the expression of the diffusion constant given in Eq. (2) . The use of the one-dimensional diffusion equation, Eq. (3), is also a cause of the discrepancy between the observed and calculated curves, since hydrogen desorption from the sides of a specimen is involved.
Because of the limitations described above, we must be cautious of the direct determination of the trapped states of hydrogen by the present calculation method. The physics operating in the phenomenon of concern is to be considered firstly, then the involved defects and their characteristics can be checked by means of TDA. The present analysis may be useful for checking semi-quantitatively the validity of an assumed hydrogen state that concerns an observed TDA curve profile. Figure 11 (b) that ascribes the change of the desorption curve to the increase in the strain-induced defect density is reasonable for explaining the experimental results shown in Fig. 10 , when we assume 18) vacancies as the major trap of hydrogen. A discrepancy is the narrow calculated peak width compared with the observed ones. Further improvement of the calculation along the lines of the considerations described above is a task for future studies. Finally, it is to be noted that the hydrogen occupation in defects is assumed to be small, less than unity, in Eq. (2) . It implies that the observed hydrogen content is not necessarily proportional to the defect density. The increase in the defect density associated with an increase in hydrogen content can be much higher. The concept of the critical hydrogen concentration 2) has been assumed as the criterion of hydrogen-related failure. However, recent findings 23, [25] [26] [27] [28] have revealed that failure is not always associated with hydrogen content. Instead, fairly ample evidence 23, [26] [27] [28] [29] [30] is now available for claiming the essential role of the increased density of vacancies and their clusters in hydrogen-related failure, i.e., the binding of hydrogen with vacancies with an increase in the vacancy density. 31, 32) Then, the hydrogen content measured by TDA is of secondary importance and information about the defects interacting with hydrogen is more essential for understanding the factors controlling the susceptibility to hydrogen-related failure.
Conclusions
The hydrogen thermal desorption of a plate specimen of a martensitic steel has been simulated assuming lattice hydrogen diffusion under a local equilibrium with reversibly trapped hydrogen as the rate-determining process. The calculated desorption curve reproduced the observed shift of the peak temperature associated with the specimen thickness and the heating rate. The peak temperature, T c , was shown to be immune to the initial hydrogen content. The hydrogen diffusion constant that involves a combination of E b and K X as parameters was used in the calculation. The dependence of T c on E b and K X has been quantitatively shown. The combination of E b and K X was not unique to fit a definite T c , but the associated peak width differed depending on their combination. The observed increase in the hydrogen absorption capacity and the shift of T c as a result of applying plastic strain were reproduced in the calculated desorption curves taking into account the increase in K X . The value of 44 kJ/mol of the hydrogen/vacancy binding energy could be assigned to E b together with 10 Ϫ6 -10 Ϫ5 for K X , but the calculated peak width was narrower than the observed one. Limitations of the present calculation method with respect to the assignment of the lattice defects have been discussed, but the analysis may be useful for checking semi-quantitatively the validity of an assumed hydrogen state concerned with an observed TDA curve profile.
